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surfactant protein-C; podoplanin; alveolar type I cell INFECTION WITH INFLUENZA VIRUSES results in an acute respiratory disease that can range in severity from mild to fatal (45) . In temperate climates, epidemics caused by seasonal influenza virus strains occur every fall and winter. Although limited information is available, it has been estimated that seasonal influenza infections result in 12 influenza-related deaths per 100,000 persons per year in the United States, the majority of which occur in the elderly (18, 41) . Furthermore, the 2009 -2010 H1N1 "swine flu" influenza A virus pandemic resulted in an estimated 14,800 excess deaths in the United States (9) . Unfortunately, current vaccination uptake rates and efficacy are insufficient to provide "herd immunity" to either seasonal or pandemic influenza viruses, and the value of antiviral drugs has recently been called into question (11, 27, 39) . It has been estimated that a mild pandemic similar to that of 1968 would kill 1.4 million people and cost approximately $330 billion [or 0.8% of global gross domestic product (GDP)] in lost economic output (38) . Were a pandemic as severe as that of 1918 -1919 to occur, more than 140 million people would die, and the world's GDP would suffer a loss of more than $4 trillion. Hence, there is an urgent need for better understanding of influenza pathogenesis to develop new influenza therapeutics.
The primary physiological function of the lungs is gas exchange. Gas exchange occurs within the respiratory zone of the lung, which is lined by a single layer of epithelial cells and an underlying plexus of pulmonary capillaries. The epithelial layer of this gas exchange surface is composed of two cell types [alveolar type I (ATI) and II (ATII) cells] that are covered with a thin layer of serous fluid and an overlying film of surfactant. Importantly, alveolar epithelial cells are the primary site of influenza A virus infection and replication in the distal lung and participate in the innate immune response to this virus (22, 47, 59) .
Although ATI cells comprise only around 10% of the cells in the lung, they cover Ͼ98% of the alveolar surface area, with the remaining 2% being made up of ATII cells (46) . ATI cells are large thin squamous epithelial cells that have been traditionally viewed as primarily serving in a structural capacity, although recent studies suggest that they may play an important role in alveolar physiology (15) . Podoplanin (PODO) has been identified as an ATI epithelial cell-specific antigen in the lung, although its function in these cells is unknown (15) . ATII cells are small cuboidal cells that synthesize, secrete, and recycle pulmonary surfactant lipids. They also produce four primary proteins that have been designated surfactant proteins (SP)-A, -B, -C, and -D (61). In addition, ATII cells regulate the depth of the alveolar lining fluid layer by active vectorial ion transport and serve as progenitors for ATI cells (13, 34) . SP-C is only expressed by ATII cells and can therefore be used as an ATII cell-specific marker.
Despite being central to normal lung function and influenza A virus replication in the distal lung, the consequences of infection for ATII cell function and differentiation state are currently poorly understood. The goal of the current study was to determine the impact of influenza infection on ATII cells using C57BL/6-congenic SP-C GFP mice that express green fluorescent protein (GFP) under the control of the SP-C gene promoter, which is only active in ATII cells (17, 33) .
MATERIALS AND METHODS
Animals. Pathogen-free C57BL/6AnNCr mice (Mus musculus) were purchased from the National Cancer Institute (Frederick, MD). C57BL/6-congenic mice that express GFP under the control of the SP-C promoter (SP-C GFP mice) were bred in-house from founders that were kindly provided by the late Dr. Joe Rae Wright (Duke University Medical Center, Durham, NC) (33) . Mice were maintained in standard ventilated racks and provided with food and water ad libitum, as well as appropriate environmental enrichment with Nestlets (Ancare, Bellmore, NY). All animal procedures were performed in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by The Ohio State University Institutional Animal Care and Use Committee. Ethical considerations precluded performance of survival studies, and every effort was made to minimize animal suffering.
Preparation of viral inoculum. All studies used egg-grown mouseadapted influenza A/WSN/33 (H1N1) virus. Absence of contamination with Mycoplasma pulmonis was confirmed by PCR (Charles River Research Animal Diagnostic Services, Wilmington, MA). Absence of endotoxin contamination was confirmed by a standard Limulus amebocyte assay (Lonza, Basel, Switzerland).
Mouse inoculation. Pathogen-free, 8-to 12-wk-old SP-C GFP mice of either gender were anesthetized by intraperitoneal injection of ketamine (8.7 mg/kg)/xylazine (1.3 mg/kg), individually marked, and then inoculated intranasally with 10,000 plaque-forming units (pfu)/ mouse of H1N1 virus in 50 l PBS/0.1% BSA, as in our previous studies. In our hands, this inoculum induces hypoxemia and lung dysfunction in wild-type mice by 2 days postinfection (dpi), and results in 100% mortality by 8 dpi (median time to death: 7 days), but does not infect the brain (2, 3, 62) .
Conscious mice were weighed every other day following infection, and carotid arterial O 2 saturation was recorded by pulse oximetry, as in our previous studies (1, 2) . Data for each experimental group were derived from at least three independent infections.
Lung wet-to-dry weight ratio. Lung wet-to-dry weight ratio was measured as previously described (2) . Briefly, mice were killed by intraperitoneal injection of ketamine (87 mg/kg)/xylazine (13 mg/kg) and then exsanguinated. Both lungs were removed, weighed, and dried in an oven at 55°C for 3 days. After being dried, the lungs were weighed again. Wet-to-dry weight ratio was then calculated as an index of intrapulmonary fluid accumulation, without correction for blood content.
Measurement of viral titers. Viral titers were determined from serial dilutions of lung homogenates by a fluorescent-focus assay in NY3 fibroblasts (derived from STAT1 Ϫ/Ϫ mice), as previously described (24) . Whole organ imaging. Immediately before imaging, mice were killed as above. Both lungs were removed by careful dissection, and total lung GFP fluorescence was detected using the In Vivo Imaging System (IVIS)-200 bioluminescent imaging system (Perkin Elmer, Waltham, MA).
ATII cell isolation. ATII cells were isolated from SP-C GFP mice by a standard lung digestion protocol (12) . Briefly, mice were killed, the pulmonary artery was cannulated, and the lungs were perfused with normal saline in situ to flush out blood. The trachea was cannulated, and 2 ml dispase II (5 U/ml in PBS; Becton-Dickinson, San Jose, CA) were injected in the lungs followed by 0.3 ml warmed low-meltingpoint agarose (1% in PBS) to prevent the isolation of Clara cells and upper airway epithelial cells. The lungs were cooled on ice, dissected free, rinsed with saline, and placed in 5 ml dispase to digest at room temperature for 60 min with gentle rocking. Pancreatic DNase (0.01% in DMEM; Sigma-Aldrich) was added for the final 5 min of incubation. Lung tissue was teased apart, and the resulting cell suspension was filtered sequentially through 100-, 40-, and 21-m sterile nylon meshes. Leukocytes were removed by panning with rat polyclonal anti-murine CD45 and anti-murine CD16/CD32 antibodies (both Becton-Dickinson) for 2 h at 37°C. Nonadherent cells were collected, pelleted by centrifugation, resuspended in normal saline, and counted using a hemocytometer. Purity of isolated ATII cell preparations was determined by visualization of lamellar bodies in modified Papanicolaou-stained cytospins.
Western blot. ATII cell preparations were homogenized in Cell Lysis buffer 9803 (Cell Signaling Technology, Danvers, MA), using a 30-gauge needle and syringe. Lysates were centrifuged to remove debris, and 30 g of protein per sample were loaded on a 4 -12% gradient polyacrylamide gel. Western blotting was performed by a standard protocol. Active caspase-3 was detected using a rabbit polyclonal antibody (ab2302; Abcam, San Francisco, CA), as were SP-C (AB3786; Millipore, Billerica, MA) and GAPDH (sc-25778; Santa Cruz Biotechnology, Santa Cruz, CA). PODO was detected using a rat monoclonal antibody (Novus Biologicals, Littleton, CO). H1N1 influenza nucleoprotein (NP) was detected using a rabbit polyclonal antibody (GenScript, Piscataway, NJ). Bound primary antibodies were detected using horseradish peroxidase-conjugated anti-rabbit IgG (Cell Signaling Technology) or anti-rat IgG (Novus Biologicals), as appropriate, and developed using ECL Western Blotting Substrate (Thermo Scientific, Rockford, IL). Densitometry of immunoreactive bands was performed on scanned film images using ImageJ software. Data were normalized to GAPDH.
qRT-PCR. Freshly isolated ATII cells were lysed, and total RNA was extracted using the RNeasy system (Qiagen, Alameda, CA). Total RNA was then reverse transcribed into cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Grand Island, NY). qRT-PCR amplification of cDNA was performed using the TaqMan Gene Expression system (Applied Biosystems). Expression of pro-sp-c and podo genes was determined by the ⌬⌬C t method and normalized to the endogenous control 18s rrna.
Flow cytometric analysis of ATII cells. Isolated ATII cells were fixed in suspension in 4% paraformaldehyde and then immunostained using rabbit polyclonal antibodies to PODO (as above) and epithelial cell adhesion molecule (EpCAM/CD326; BioLegend, San Diego, CA), which were fluorochrome conjugated to allophycocyanin and phycoerythrin (PE), respectively, using LYNX rapid antibody conjugation kits (AbD Serotec, Raleigh, NC). In other studies, cells were stained with biotinylated Sambucus nigra lectin (SNA; Vector Laboratories, Burlingame, CA) and FITC-conjugated Maackia amurensis lectin-II (MAL-II; EY Laboratories, San Mateo, CA), followed by streptavidin-PE (BioLegend), as in previous studies (6) . ATII cells immunostained with fluorochrome-labeled isotype control antibodies were used to define the threshold for positive fluorescence. Ten thousand fluorescence events were collected per sample using a FACSCalibur flow cytometer (Becton-Dickinson). Data were analyzed using FlowJo (version 10.0) software (TreeStar, Ashland, OR).
Statistical analyses. Descriptive statistics were calculated using Instat 3.05 (GraphPad Software, San Diego, CA). Gaussian data distribution was verified by the method of Kolmogorov and Smirnov. Differences between group means were analyzed by ANOVA, with Tukey-Kramer multiple-comparison posttests. P Ͻ 0.05 was considered statistically significant. All data are presented as means Ϯ SE.
RESULTS
Infection of C57BL/6-congenic SP-C GFP mice with influenza A/WSN/33 resulted in severe cachexia, hypoxemia, and pulmonary edema. Uninfected C57BL/6-congenic SP-C GFP mice were phenotypically normal. Following intranasal infection with H1N1 influenza A/WSN/33 (10,000 pfu/mouse), body weight decreased significantly by 2 dpi, and SP-C icant pulmonary edema was found at both 2 and 6 dpi (Fig.  1C) . Lung homogenate influenza viral titers did not differ significantly between 2 and 6 dpi (Fig. 1D ). All data, which are consistent with development of severe acute lung injury (ALI), were comparable to those we reported previously in C57BL/6 mice infected with the same inoculum (1-3).
Influenza A virus infection reduced GFP fluorescence in lungs of SP-C GFP mice. C57BL/6-congenic SP-C GFP mice express GFP under the control of the SP-C gene promoter, which is only active in ATII cells (17, 33) . Hence, GFP serves as a specific ATII cell marker in these mice, and changes in GFP expression correlate to alterations in SP-C production. Unlike lungs from uninfected C57BL/6 mice, isolated whole lungs from uninfected SP-C GFP mice exhibited high GFP fluorescence when imaged by IVIS ( Fig. 2A) . However, no fluorescence was detected in the trachea or primary bronchi. GFP fluorescence intensity decreased modestly (but not significantly) at 2 dpi and was reduced by ϳ50% at 6 dpi ( Fig. 2B) . 
ATII cell numbers decreased and ATII cell caspase-3 activation increased in SP-C GFP mice following influenza A virus infection.
To verify that infection-induced reductions in GFP expression at the whole lung level specifically resulted from changes in ATII cell SP-C expression or ATII cell loss by apoptosis, ATII cells were isolated from lungs of SP-C GFP mice by a standard digestion protocol. Characteristic Papanicolau-positive lamellar bodies (refractile inclusions containing stored surfactant lipids) were visible in cytospins of isolated ATII cells (Fig. 3A) (14) . As in previous studies, 90 -95% of cells in preparations from uninfected SP-C GFP mice were Papanicolau-positive (data not shown).
The ATII cell isolation procedure yielded ϳ8 ϫ 10 6 ATII cells per uninfected SP-C GFP mouse (Fig. 3B) . A modest but nonsignificant decrease in ATII cell yield per mouse was found at 2 dpi. However, ATII cell yields per mouse were decreased by Ͼ50% at 6 dpi. These data confirm results of our IVIS studies that showed a modest decrease in whole lung fluorescence at 2 dpi and a 50% reduction in fluorescence at 6 dpi.
To determine whether loss of ATII cells at 6 dpi might be a consequence of increased ATII cell apoptosis, levels of activated caspase-3 were measured by Western blot. No caspase-3 activation was detectable in ATII cells from uninfected mice or at 2 dpi (Fig. 3, C and D) . However, high levels of active caspase-3 were present in ATII cell lysates at 6 dpi.
Infection with influenza A virus reduced expression of SP-C protein and increased expression of PODO protein by ATII cells isolated from SP-C
GFP mice. During epithelial repair following lung injury, SP-C-positive ATII cells can differentiate into ATI cells, which express PODO (5, 15). To establish whether influenza A virus infection had similar consequences, ATII cells isolated from SP-C GFP mice were subjected to Western blot analysis for both proteins (Fig. 4A) . ATII cell expression of SP-C protein decreased significantly at 2 dpi, and SP-C was almost undetectable at 6 dpi (Fig. 4, A and B) . This decrease in SP-C levels was accompanied by progressive reductions in expression of SP-A and SP-D, which are synthesized by ATII cells in the lung (Fig. 4A) . Interestingly, levels of the supposedly ATI cell-specific protein PODO increased significantly at 2 dpi, and a further significant increase was observed at 6 dpi (Fig. 4, A and C) . Influenza A virus NP protein could not be detected in freshly isolated ATII cells from uninfected mice but was present at 2 dpi (Fig. 4, A and D) . NP expression levels were significantly higher at 6 dpi.
Influenza A virus infection resulted in decreased expression of pro-sp-c and increased expression of podo genes by ATII cells isolated from SP-C
GFP mice. To determine whether alterations in SP-C and PODO protein expression were a consequence of reduced gene expression, mRNA was extracted from isolated SP-C GFP mouse ATII cells and subjected to qRT-PCR analysis. At 2 dpi, ATII cell pro-sp-c mRNA was reduced approximately fourfold relative to uninfected mice (Fig. 5A) . At 6 dpi, pro-sp-c gene expression was reduced a further 40-fold. In contrast, podo mRNA only modestly increased at 2 dpi but was upregulated by approximately fourfold at 6 dpi relative to ATII cells isolated from uninfected mice (Fig. 5B) . ATII cell 18S ribosomal RNA gene expression did not alter over the course of infection, indicating that changes in pro-sp-c and podo gene expression were not a consequence of alterations in expression of the gene to which they were normalized (Fig. 5C ). 
Influenza A virus infection led to mutually exclusive changes in expression of SP-C and PODO by individual ATII cells isolated from SP-C
GFP mice. To determine whether ATII cell expression of SP-C and PODO was mutually exclusive, freshly isolated ATII cells from SP-C GFP mice were subjected to analysis by flow cytometry. ATII cells were identified by their large size (high forward scatter) and granularity (high side scatter). An ATII cell gate was established based on these characteristics in uninfected mice (Fig. 6A ). This same gate was used to analyze ATII cells in all subsequent flow cytometric studies of cells isolated from influenza A virus-infected mice, to ensure that we would capture infection-induced changes in PODO, EpCAM, and sialic acid expression by isolated "ATII-like" cells even as SP-C expression declined.
In uninfected mice, the majority of cells in the ATII cell gate expressed GFP but not PODO, although ϳ10% expressed PODO but not GFP, and a further 10% expressed neither antigen (Fig. 6, B and C) . Importantly, almost no ATII cells coexpressed GFP and PODO. Following infection, the percentage of GFP ϩ /PODO Ϫ cells within the ATII cell gate progres- sively declined, whereas GFP Ϫ /PODO ϩ cells increased. The percentage of cells that were GFP Ϫ /PODO Ϫ also increased over the course of infection, whereas the percentage of GFP ϩ / PODO ϩ cells significantly decreased at 6 dpi. However, given the small size of the latter population, this effect was unlikely to be of biological significance. Finally, we found that GFP expression per GFP ϩ cells [GFP mean channel fluorescence (MCF)] declined significantly over the course of infection (Fig.  6D) . In contrast, PODO MCF did not change.
EpCAM expression by ATII cells isolated from SP-C GFP mice decreased following influenza A virus infection.
Because we had found that influenza A/WSN/33 virus infection significantly altered expression of GFP (hence, SP-C) and PODO, which are generally viewed as markers of ATII and ATI cells, respectively, we wished to characterize the impact of infection on expression of EpCAM (CD326), which has been described as a non-cell-type-specific epithelial cell antigen (40) . Approximately 90% of total gated cells from uninfected SP-C GFP mice expressed EpCAM (Fig. 7A) . However, at 2 dpi, when total cell yields had not declined, both the percentage of EpCAM ϩ cells and EpCAM MCF was significantly reduced (Fig. 7, A and B) . At 6 dpi, Ͻ20% of cells within the ATII cell gate expressed EpCAM, although EpCAM MCF was no longer reduced. Interestingly, while all GFP ϩ cells from uninfected mice were also EpCAM ϩ , only ϳ50% of PODO ϩ cells carried this marker before infection (Fig. 7C) . Moreover, the overall decline in the percentage of EpCAM ϩ cells in the ATII cell gate following infection resulted primarily from a reduction in EpCAM expression by PODO ϩ cells.
Influenza A virus infection altered expression of ␣ 2,3 -linked sialic acid moieties by ATII cells isolated from SP-C
GFP mice. ATI cells generally express ␣ 2,6 -linked sialosaccharides, whereas ATII cells predominately express ␣ 2,3 -linked sialosaccharides (6, 22, 65) . Because we found significant alterations in expression of SP-C and PODO following infection, we wished to evaluate the impact of changes in these ATII and ATI cell markers on sialosaccharide expression. Before infection, we were unable to detect any staining with PE-conjugated SNA (which binds preferentially to ␣ 2,6 -linked sialosaccharides) to cells within the ATII cell gate (data not shown). Likewise, despite increased PODO expression following infection, no binding to SNA was found. In uninfected SP-C GFP mice, ϳ80% of cells within the ATII cell gate were labeled by MAL-II, which binds preferentially to ␣ 2,3 -linked sialosaccharides (Fig. 8A) . At 2 dpi, the percentage of MAL-II ϩ ATII cells did not change. However, MAL-II MCF decreased by 45% (Fig. 8B) . At 6 dpi, the percentage of MAL-II ϩ cells declined, although this change was not statistically significant. In contrast, MAL-II MCF returned to preinfection levels.
DISCUSSION
ATII cells are small cuboidal cells that are known to be essential to normal lung function. ATII cells synthesize, secrete, and recycle pulmonary surfactant lipids and proteins, which contribute to the maintenance of low intra-alveolar surface tension and thereby facilitate ventilation (61) . They also regulate the depth of the alveolar lining fluid layer by active ion transport, participate in lung immune responses (10), and serve as progenitors for ATI cells (13, 34, 52) . In addition, ATII cells are a primary site of influenza A virus replication in the distal lung and a central component of the innate antiviral immune response to infection (23) . We have shown previously that infection of mice with an acutely lethal dose of mouseadapted H1N1 induces ALI as early as 2 dpi without infecting brain tissue (3, 49) . It also results in significant inhibition of alveolar fluid clearance, which is primarily mediated by ATII cell active ion transport (35, 62) . This reduction in alveolar fluid clearance contributes significantly to the development of pulmonary edema and ALI in influenza A virus-infected mice (1-3) . However, the effects of infection on other aspects of ATII cell function and their contributions to influenza pathogenesis have not been defined in detail.
In the current study, we found that the majority of ATII cells isolated from the lungs of uninfected SP-C GFP mice by a standard lung digestion protocol were GFP ϩ /PODO Ϫ and expressed high levels of EpCAM and ␣ 2,3 -linked sialosaccharides. As in our prior studies using C57BL/6 mice (1-3), infection of C57BL/6-congenic SP-C GFP mice with A/WSN/33 resulted in severe hypoxemia and pulmonary edema by 6 dpi, both of which are consistent with development of ALI. This was accompanied by loss of whole lung GFP fluorescence and a very significant reduction in the total number of ATII cells that could be isolated from the lung. Infection also resulted in increased ATII cell apoptosis, reduced sp-c gene and SP-A, SP-C, and SP-D protein expression in ATII cell lysates, and increased PODO gene and protein levels. These effects were also most pronounced at 6 dpi. At the single cell level, we found a progressive decrease in GFP ϩ /PODO Ϫ cells, increased GFP Currently, little information is available regarding the specific impact of acutely lethal influenza A virus infection on ATI and ATII cell phenotypes. Earlier in vitro studies showed that influenza A/PR/8 (H1N1) infection of differentiated human ATII cell cultures did not alter ATII cell differentiation and SP-C gene and protein expression (59) . Histopathological evidence of ATII cell hyperplasia was found in mice infected with both influenza A/PR/8 and A/WSN/33 (32, 37) , but no reduction in SP-C and PODO gene and protein expression occurred in A/PR/8-infected mice unless the alveolar macrophage response to infection was blocked by treatment with a neutralizing antibody to macrophage chemoattractant protein-1 (37) . In other studies, sublethal A/PR/8 infection was shown to result in histopathological evidence of ATII cell loss by 3 dpi, which increased in severity until 7 dpi and then recovered (66) . This was accompanied by loss of sp-c gene and SP-C and PODO protein expression in areas of alveolar destruction (19, 30, 68) . Interestingly, downregulation of sp-c gene expression may have been restricted to infected ATII cells (19) . We found that infection with A/WSN/33 for 6 days not only reduced total cell yields from the ATII cell isolation procedure by Ͼ50% but also induced a progressive shift from the ATII cell phenotype (GFP ϩ /PODO Ϫ ) toward an ATI-like (GFP Ϫ /PODO ϩ ) phenotype. This was accompanied by a progressive increase in GFP Ϫ /PODO Ϫ but not GFP ϩ /PODO ϩ cells. To our knowledge, these effects of influenza infection on coexpression patterns of SP-C and PODO at the single cell level have not previously been reported.
Although PODO is known to be necessary for normal lung development and ATI cell morphogenesis (42) , its function on ATI cells in the mature lung remains poorly understood (15) . ATI and ATII cells have been shown to differentially express a variety of additional "terminal" markers. For example, expression of receptor for advanced glycosylation end products (RAGE), caveolin-1/-2, and aquaporin-5 is believed to be ATI cell-specific (36), whereas ATII cells have been shown to express ATP-binding cassette A3 protein (ABCA3), which is associated with lamellar bodies (64) . Influenza A/PR/8 infection can induce de novo expression of RAGE on bronchial epithelial cells, and this phenomenon was associated with increased viral replication and disease severity (56) . However, effects of influenza infection on ATI cell RAGE have not been reported. Likewise, with the exception of a report describing downregulation of aquaporin-5 following adenovirus infection (48) , there is a distinct paucity of information regarding effects of any respiratory viral infections on caveolin-1/-2, aquaporin-5, and ABCA3 expression. Although some studies suggest that aquaporins are not required for normal alveolar fluid clearance (58), they may be important in resolution of pulmonary edema in the injured lung (63) . It is therefore possible that altered aquaporin expression contributes to inhibition of alveolar fluid clearance by influenza A virus that we reported previously (62) . However, we have yet to investigate this possibility.
Murine ATII cells have been shown to be capable of selfrenewal and differentiation to ATI cells following bleomycininduced ALI (4). Our findings indicate that a similar differentiation process may occur following the development of ALI in influenza-infected mice in an attempt to repair damaged bronchoalveolar epithelium. In addition, our results suggest that differentiation involves downregulation of SP-C followed by upregulation of PODO, rather than via a GFP ϩ /PODO ϩ intermediate. Our qRT-PCR data showing that downregulation of pro-sp-c gene expression precedes upregulation of podo gene expression support this hypothesis, as does a prior report showing that an SP-C Ϫ progenitor cell population in the mouse lung may be important to ATII cell replenishment during recovery from injury (8) . Given its known role in lung development (42) , this raises the intriguing possibility that an increase in PODO expression may be necessary for lung regeneration. Unfortunately, however, our gating strategy for FACS analysis does not allow us to make this conclusion definitively. For example, it is also possible that the observed increase in GFP Ϫ /PODO Ϫ ATII cells at 6 dpi reflected expansion of a pool of distal airway stem cells. One recent study has shown that p63 ϩ /keratin 5 ϩ cells in the terminal bronchioles can migrate into damaged lung parenchyma where they differentiate into PODO ϩ but not SP-C ϩ cells during the repair phase after sublethal infection with influenza A/PR/8 virus (30) . These cells do not appear to be either ATII cell or upper airway basal cell derived (57) . However, it is unclear whether induction of this stem cell population has sufficient time to occur in our model of acutely lethal infection. Moreover, the role of particular cell types as progenitors for ATI and ATII cells during repair may be dependent upon both the type of lung injury and the extent to which it is specifically directed at ATII cells. Hence, the tropism of influenza viruses for ATII cells may significantly impact their ability to serve as ATI cell progenitors.
In vitro infection with influenza A/PR/8 was shown to induce caspase-3 activation in differentiated human ATI-like and ATII cell cultures (28, 59) . Likewise, we found that influenza A/WSN/33 infection resulted in caspase-3 activation at 6 dpi, which was temporally associated with a 55% reduction in total cell yields. Herold et al. reported that infection of mice with influenza A/PR/8 caused increased TRAIL receptor (DR5) expression and high levels of apoptosis in PODO ϩ alveolar epithelial cells isolated from lungs later in infection (20) . Interestingly, they did not find significant numbers of apoptotic PODO Ϫ cells in their study. This suggests that the increased caspase-3 activation that we detected by Western blot in isolated ATII cells at 6 dpi in our study may be associated with gain of PODO expression.
Increased influenza severity has been correlated with spread of the virus to the lower respiratory tract and alveoli (21, 55) . However, the cellular site of influenza virus replication in the distal lung remains unclear. In vitro, seasonal H1N1, 2009 pandemic H1N1, and H5N1 influenza A viruses were shown to productively replicate in primary cultures of polarized human ATI-like and ATII cells (7, 44, 67) . Likewise, the mouseadapted A/PR/8 (H1N1) influenza strain can infect primary human ATI-like and ATII cells in vitro (26, 28) . In contrast, Weinheimer et al. reported that, while both seasonal and pandemic influenza A strains actively replicated in ATII cells in ex vivo human lung explants infected in vitro, replication within ATI cells did not occur, although they did find viral antigens on the surface of ATI cells (60) . Because replication was higher in H5N1-infected ATII cells than those infected with seasonal H1N1, seasonal H3N2, and pandemic H1N1 viruses, these authors hypothesized that the extent of viral replication within ATII cells may be an important determinant of pathogenicity. In vivo, influenza NP antigen could be detected in both ATI and ATII cells from mice infected with the H1N1 influenza strain used in the current study (A/WSN/ 33) (32). Likewise, active viral replication could be detected in both SP-C ϩ cells and Clara cells in mice infected with a sublethal dose of influenza A/PR/8 virus (19) . Importantly, both ATI and ATII cells in autopsy lung tissue from naturally infected humans and experimentally infected Cynomolgus macaques (Macaca fascicularis) were found to contain H5N1 influenza A NP (29, 51) . Finally, experimental studies by van Riel et al. showed that seasonal and pandemic influenza viruses preferentially infect ATI cells, and these authors propose that increased ATII cell tropism underlies the increased pathogenicity of H5N1 viruses (53, 55) . In our model, we found that development of ALI (similar to that seen following infection with H5N1 viruses) was associated with a progressive increase in NP expression in isolated ATII cells, which is consistent with this hypothesis.
When viral replication was measured in whole lung homogenates by a standard plaque assay, we did not find biologically significant changes in viral titers over the course of infection. In contrast, Western blot analysis indicated that NP expression was significantly higher at 6 dpi than 2 dpi in freshly isolated ATII cells. This suggests that whole lung homogenate data may not provide an accurate indication of the magnitude and kinetics of viral replication in individual respiratory epithelial cell types. Increased NP expression in ATII cell preparations was accompanied by a progressive loss of SP-A, SP-C, and SP-D protein expression, which was accompanied by an increase in PODO protein levels. This indicates that, in addition to caspase-3 activation, the extent of differentiation of ATII cells correlated with viral replication. It also suggests that intermediate ( Ϫ /PODO Ϫ Clara cells that appear to be resistant to influenza-induced cell death (19) .
EpCAM is a transmembrane epithelial-specific intercellular cell adhesion molecule that is involved in cellular signaling, cell migration, proliferation, and differentiation (40, 50) . Both ATI and ATII cells in adult human lung have been shown to express EpCAM by immunohistochemistry (25) . However, EpCAM expression may be higher in human ATII cells than ATI cells (16) . We found that EpCAM expression differed very significantly between ATI and ATII cells. In uninfected mice, all ATII cells but only one-half of ATI cells were EpCAM ϩ . These findings agree with human cell studies (16) and indicate that, even in uninfected mice, EpCAM is neither a pan-epithelial antigen nor a reliable marker of ATI cells. Moreover, infection with influenza A virus only modestly reduced ATII cell EpCAM expression but decreased ATI cell EpCAM levels by almost 90%. Because we found almost no SP-C ϩ /PODO ϩ ATII cells, this indicates that the overall reduction in EpCAM expression at 6 dpi was primarily correlated with the relative shift from SP-C (22, 43) . We found that ATII cells from either uninfected or A/WSN/33-infected mice did not bind to the SNA lectin, indicating that they do not express ␣ 2,6 -linked sialic acids. In contrast, the majority of cells isolated from uninfected SP-C GFP mice were labeled by MAL-II, which binds preferentially to ␣ 2,3 -linked sialosaccharides. This is in agreement with previous studies (6, 65) . Following infection, the percentage of isolated cells that were MAL-II ϩ did not change, although the extent of MAL-II binding per cell was reduced at 2 but not 6 dpi. Interestingly, van Riel et al. reported a similar reduction in MAL-II binding to both human and macaque ATII cells 24 h after H5N1 influenza A virus infection, although they did not evaluate later time points (54) .
The primary physiological role of surfactant is to reduce alveolar surface tension and thereby facilitate alveolar inflation during inspiration. SP-C, which is the smallest surfactantassociated protein, enhances the movement of lipids between sheets and vesicles of surfactant, which is essential to stabilization of the surfactant film and surfactant recycling. Surfactant dysfunction will result in decreased lung compliance and increased work of breathing. We have shown previously that severe hypoxemia in influenza A/WSN/33-infected C57BL6 mice correlated with reductions in lung compliance (1-3). In the current study, pro-sp-c gene expression was reduced Ͼ40-fold at 6 dpi, and ATII cell lysate SP-C content was reduced by Ͼ95%. Finally, loss of ATII cells is also likely to result in reduced surfactant lipid levels, although these were not measured in the current study. Hence, while multiple factors are likely to underlie decreased lung compliance following influenza A virus infection, reduced SP-C and surfactant lipid synthesis is likely to contribute significantly to this effect.
We should note that there are certain limitations to our studies. First, although Papanicolau staining of cytospins of cells isolated from the lungs of uninfected SP-C GFP mice indicated that these preparations almost exclusively contained ATII cells, only around 75% of isolated cells were GFP ϩ by flow cytometry. Other investigators have reported similar findings and propose that SP-C GFP mice exhibit increasing heterogeneity of GFP expression as they get older, possibly as a result of differences in chromatin environment between mice of different ages (31) . However, approximately one-half of all GFP Ϫ cells isolated were also PODO Ϫ , which argues that flow cytometry data may be an underestimate of the percentage of ATII cells present in isolated ATII cell preparations. An additional limitation of our studies is that we may be losing ATII cells after infection as a result of the isolation process itself: if GFP ϩ ATII cells become more fragile following infection, they may no longer be able to withstand lung digestion and filtration procedures. However, our whole lung fluorescence data do not support this possibility, at least with respect to the impact of influenza A virus infection on SP-C expression. Finally, we have not yet determined the mechanism underlying our observations. In our model, induction of severe ALI is associated with infiltration of neutrophils and macrophages and increased levels of interferon-␥, IL-6, interferon-␥ -induced protein-10, and monocyte chemoattractant protein-1 in bronchoalveolar lavage fluid at 6 dpi (1, 3). Additional cell depletion and cytokine neutralization studies will be necessary to determine whether any of these factors contribute to changes in SP-C, PODO, and EpCAM expression that follow influenza A/WSN/33 infection. It is also possible that changes in bron-choalveolar epithelial cell phenotype result from direct viral infection. However, given the magnitude of the change relative to the likely numbers of infected cells, we believe that this possibility is unlikely.
In conclusion, we found that infection of SP-C GFP mice with an acutely lethal dose of H1N1 virus resulted in productive infection of ATII cells, loss of GFP ϩ ATII cells due to apoptosis, increased expression of the ATI cell marker PODO, and reduced expression of EpCAM. Infection also reduced pro-sp-c gene expression and SP-C protein synthesis. Our findings indicate that infection with an acutely lethal dose of influenza A virus results in a progressive differentiation of ATII cells into ATI-like cells, most likely to replace dying or dead ATI cells. Given the central role of ATII cells in maintaining normal alveolar fluid balance and surfactant function, we propose that this phenomenon contributes significantly to the pathogenesis of influenza-induced lung dysfunction and injury. New therapeutics that can promote ATII cell survival and increase surfactant lipid and protein synthesis are therefore likely to be of benefit in patients with influenza-induced ALI.
